We describe the preparation, biophysical characterization, and receptor-mediated cellular internalization of biotinylated lipid particles (BLPs) loaded on the surface and internally with two distinct (colors) of quantum dot (QD) probes. BLPs were formulated with 1.4 and 2.7 mol % PEG-lipids containing either a fusogenic or pHsensitive lipid to promote bilayer destabilization of endosomal membranes and favor QD cytoplasmic release. The amount of PEG was chosen to provide steric stabilization of the final construct. BLPs were loaded with a red-emitting QD 655 and surface coated with a green-emitting QD 525 conjugated to the epidermal growth factor (EGF) ligand in order to target the epidermal growth factor receptor (EGFR). The targeted and QD labeled BLPs showed strong and selective binding to EGFR-expressing tumor cell line and subsequent internalization. The dual-color QD labeling strategy and colocalization analysis allow prolonged live cell imaging of BLPs and loaded cargo independently, using a single excitation wavelength and simultaneous detection of both QDs. The chemistry of bioconjugation for the EGF ligand, the QDs, and the BLPs in a single lipid particle, involves only biotin-streptavidin interaction without requiring further purification from free EGF-QDs preformed complexes. Coupled with an encapsulated drug, the targeted and QD-labeled BLPs could provide imaging and drug delivery in a single multifunctional carrier.
INTRODUCTION
Liposomes that have been sterically stabilized by lipid derivatives of poly(ethylene glycol) (PEG) show persistence in the circulation, increasing the opportunities for specific, ligandand receptor-mediated targeting into tumor or disease-affected tissues in distal locations of the body (1, 2) . Unwanted side effects of the PEG-coating include putative inhibition of liposome-cell membrane association and, intracellularly, avoidance of bilayer apposition and membrane fusion required for endosomal escape of the loaded cargo. PEG-lipid dissociation from the liposomes can be facilitated by incorporating fusogenic PEG-lipids with a short acyl chain promoting transfer from the liposome to the bilayer within minutes (3) . Alternatively, PEG-lipid can be released intracellularly by adding a cleavable, pH-sensitive PEG analogue in which the polymer moiety is cleaved from the liposome surface upon exposure to the acidic environment of certain endosomal compartments (4) (5) (6) (7) (8) . An attractive type of unilamellar liposomes, referred to as stable plasmid lipid particles (SPLPs) by Wheeler and co-workers (9) , are stabilized by PEG-ceramide lipids. They exhibit an average size of 70 nm and up to 70% encapsulation efficiency of plasmid DNA. The transfection competence of the SPLPs has proven superior after replacing PEG-Cer-C20 by the fusogenic ceramide with a shorter acyl chain PEG-Cer-C8 (10) or after adding a pH-sensitive PEG-lipid in the SPLP formulation to trigger the intracellular plasmid release (5, 11) .
Continuous cell imaging has been dramatically improved with the introduction of quantum dots (QDs), colloidal nanocrystals with unique optical properties for long-term and multicolor imaging (12, 13) . The broad absorption and narrow emission spectra of QDs allow the simultaneous detection of multiple colors of QDs upon illumination with a single light source (14) . However, QD biocompatibility and potential toxicity remain critical issues for use in humans and thus currently limit their application to in vitro or animal models (15) .
QDs have to be surface functionalized to act as useful biological probes. Targeting is usually achieved by conjugating a high-affinity ligand or antibody that provides preferential accumulation of the QD-ligand complexes, e.g., in a tumorbearing organ, in the tumor itself, in individual cancer cells, or in intracellular organelles (13, 16) . The EGF receptor (EGFR) is an attractive target for drug and gene delivery, since it is overexpressed in a wide variety of human tumors, including brain, lung, liver, and breast cancer (17) . It has been demonstrated that complexes of streptavidin-conjugated quantum dots (StAv-QDs) with biotinylated ligand EGF are biochemically competent ligands for EGFR (18) . Protocols for binding biotinylated ligands to commercial streptavidin conjugated QDs have been described (19, 20) . An important unresolved challenge is to effect the release of monodisperse QDs into the cytoplasm, considering that most of the delivery pathways involve endocytic routes leading to QDs trapped in endosomal compartments. A few reports have shown successful internalization of monodisperse QDs by osmotic lysis of pinosomes (21, 22) or microinjection (23) , although in a nontargeted approach.
The development of tracking techniques combined with QD targeting or loading protocols allows for new strategies to monitor the uptake of drug delivery systems. Recent approaches for QD-labeled lipid-based delivery systems involve the embedding of hydrophobic QDs in lipid bilayers and micelles, or the encapsulation of hydrophilic QDs in liposomes, in order to significantly increase the cellular uptake of these fluorescent QD-lipid complexes ex vivo and in vivo (24) (25) (26) (27) (28) . However, several studies have shown that nontargeted QDs micelles undergo unspecific uptake by cells and thus render them unsuitable for many applications (29) .
Monitoring the behavior of liposomal-based drug delivery systems in living cells is a powerful approach for assessing the route and efficiency of drug delivery as well as the fate of the carrier after releasing the drug. At present, there are only a few published studies on lipid-based delivery systems combining QDs as imaging and targeting probes (27, 30, 31) . In our study, we explored the simultaneous application of two colors of QDs in a single lipid carrier, one QD as encapsulated cargo and the second as a receptor-targeting probe. We report here the preparation and characterization of biotinylated lipid particles (BLPs), loaded with QD 655 and surface-modified with preformed complexes of EGF-QD 525 mediated by biotin-streptavidin linkage. In this study, BLPs containing less than 3 mol % PEG were formulated with either a fusogenic or a pH-sensitive PEG-lipid in order to facilitate PEG transfer and to promote endosomal escape of QD 655 into the cytoplasm. The EGF-QD 525 -BLP-QD 655 were targeted to A431 cells, a human epidermoid carcinoma line overexpressing the EGFR. Live cell imaging with fluorescence confocal microscopy demonstrated the specific binding and internalization of targeted BLPs by simultaneous detection of both QDs.
EXPERIMENTAL PROCEDURES
Chemicals. All reagents were of analytical grade. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyloxy-3-trimethylammoniumpropane chloride (DOTAP), 1,2-distearoyl-sn-glycero (Alabaster, USA) . Chloroform, ethanol, methanol, isopropanol, and water HPLC quality were purchased from Merck. 1-O-N-Octyl--D-glucopyranoside (OGP), HEPES, NaCl, sucrose, HABA (4-hydroxyazobenzene-2-carboxylic acid), biotin, and biocytin were obtained from Sigma and nonpolar polystyrene adsorbents Bio-Beads SM-2 from BioRad. Biotin-EGF (human recombinant) and streptavidin Alexa Fluor488 (ex. 488 nm/em. 519 nm) were obtained from Invitrogen. Buffer solutions were of analytical grade and filtered through a 0.22-µm-sized membrane. Hepes Buffer Saline (HBS): 150 mM NaCl, 10 mM Na-Hepes, pH 7.2.
Quantum Dots. Quantum dot streptavidin conjugates 525 nm (StAv-QD 525 ), 605 nm (StAv-QD 605 ), and ITK-carboxyl QD 655 (QD 655 ) with a CdSe core and ZnS shell were obtained from Invitrogen. QD with emission maxima at 655 nm have an ellipsoid core/shell with diameters of 6 nm (minor axis) by 12 nm (major axis). According to the manufacturer and determinations made in a parallel study (32), each StAvQD particle contains an average of 6-8 conjugated streptavidins.
Cell Lines and Reagents. A431 (human epidermoid carcinoma) and CHO (Chinese hamster ovary) cell lines were obtained from the American Tissue Culture Collection, and the melanoma cell line WM983A was kindly provided by Prof. Meenhard Herlyn (Wistar Institute, Philadelphia, PA). Dulbecco's Minimal Essential Medium, penicillin, streptomycin, and trypsin were obtained from Gibco. Leibovitz's L15 medium was from Mediatech, Inc. FBS was from PAN, and EDTA, BSA, and glucose were from Sigma. LabTek two-well glass chambers, plastic cell culture dishes, and flasks were purchased from Nunc or Sarstedt.
Preparation of Biotinylated Lipid Particles (BLPs). BLPs were prepared employing the detergent dialysis technique as described by Wheeler et al. (9) with modifications. For 1 mL of BLPs formulation, 8.4 µmol DOPE (neutral lipid), 0.6 µmol DOTAP (cationic lipid), and 0.024 µmol biotin-DSPE were mixed in 2 mL glass vials. In individual vials containing this lipid mixture, PEG 750 -Cer-C8 and PEG 2000 -DSGS were added to obtain 1.4 and 2.7 mol % PEG and a final concentration of ∼10 µmol lipid/mL. These solutions were dried with a stream of argon and residual chloroform was removed under vacuum overnight.
The resulting lipid film was hydrated in 0.5 mL HBS and 0.2 M OGP detergent with continuous magnetic stirring at 60°C to favor complete dissolution. After cooling the lipid-detergent mixture to RT, ITK-carboxyl QD 655 were added in 0.5 mL HBS pH 7.4 at 50 nM final QD 655 concentration. The mixture was immediately dialyzed against HBS using 10 kDa MWCO dialysis cassettes (Slide-A-Lyzer from Pierce) for 1 h at RT and then dialysis continued in a cold room (∼4°C) overnight. After two buffer changes of 1 L HBS, residual detergent OGP was removed by adding polystyrene SM2 Biobeads (adsorbent capacity ∼117 mg OGP/g beads), and samples were loaded on top of a sucrose density gradient.
Ultracentrifugation in Sucrose Density Gradient. The sucrose gradient was prepared in 2.5 mL ultraclear thin-walled centrifuge tubes (Beckman) by carefully applying with a tip or syringe 0.6 mL layers of 2.5%, 10%, and 20% (w/v) sucrose in HBS (10) . The samples recovered from the detergent dialysis were adjusted to 1% (w/v) sucrose and loaded on top of the gradient. Ultracentrifugation was carried out at 160 000 × g for 5 h at 10°C in a TLS-55 swinging bucket rotor and a TL-100 ultracentrifuge (Beckman). The resolved fluorescent bands observed under UV illumination were carefully recovered by manual pipetting and analyzed for QDs encapsulation, particle size, and biotin content.
TEM Analysis. For negative staining of BLPs, a solution containing 1:10 diluted samples was applied to a glowdischarged carbon-coated grid and stained with 1% uranyl acetate. Sample analysis was performed in a Philips 120 kV BioTwin microscope equipped with a 1024 × 1024 pixels GATAN CCD camera.
Particle Size Analysis by Dynamic Light Scattering (DLS). The size of the BLPs was assessed by dynamic light scattering with a NanoZetaSizer particle analyzer (Malvern Instruments, UK) detecting the back-scattered light from a 633 nm laser at a fixed angle of 173°.
Samples were diluted in PBS, previously passed through 0.02 µm pore size filter to eliminate potential interfering impurities, and the measurements were performed at 25°C. The operating protocol was selected for spherical particles, applying 12 to 15 runs per measurement, which were automatically adjusted according to the concentration of particles in the sample, and three measurements were performed on each sample. The autocorrelation function for size distribution was calculated using the CONTIN mathematical approach for heterodisperse, polydisperse, and multimodal systems.
The mean hydrodynamic diameter obtained represents only an intensity-based average value and does not give any information on the prevailing size distribution. For this reason, the polydispersity index (pdi) is also stated in order to provide information about deviation from a monomodal distribution (pdi e0.25).
Biotin Quantitation. The biotin content of BLPs was determined on samples recovered after detergent dialysis and ultracentrifugation in sucrose gradient employing a fluorometric assay (33) . A standard curve was obtained by titrating 50 µL of a solution containing 25 nM StAv-Alexa488 and 125 µM HABA in HBS with biocytin added from an aqueous stock solution to final concentration of 0-200 nM. The fluorescence of standards and samples was measured in a spectrofluorometer (Varian Cary Eclipse); Alexa Fluor488 dye was excited at 485 nm and the emission spectra were collected between 500 and 700 nm. The fluorescence intensity at the emission maximum (519 nm) was plotted as a function of biocytin concentration, and the data were fitted to a sigmoidal curve to obtain a calibration curve, from which the corresponding values for the unknown samples could be derived. Under the conditions assayed, a ∼6-fold increase in fluorescence signal upon complete displacement of HABA was observed with a detection limit of approximately 3 nM biocytin (Supporting Information).
Cell Culture. A431 and CHO cell lines were cultured in Dulbecco's Minimal Essential Medium (D-MEM) supplemented with 10% fetal calf serum (FCS), 50 U/mL of penicillin (Pen), and 50 U/mL of streptomycin (Strep). WM983A cells were grown in three parts DMEM and one part Leibovitz's L15 medium supplemented with 10% heat inactivated (56°C for 20 min) FCS and Pen-Strep. All cells were grown as a monolayer at 37°C in a humidified atmosphere containing 5% CO 2 . For microscopy experiments, cells were seeded one or two days in advance onto 12-mm-diameter glass coverslips or twowell glass chambers and employed at a 40-50% confluence. For binding experiments, cells were starved in DMEM for 4 h prior to the incubation with EGFR targeted BLPs to reduce signaling induced by growth factors present in the serum.
Labeling and Targeting of BLPs with EGF-QDs Preformed Complexes. According to the manufacturer and confirmed in other studies, the StAv-QDs contain 6-8 streptavidins per QD. Biotin-EGF was coupled to StAv-QD 525 at a ratio of 4:1 in HBS with 0.5% BSA at final concentration of 50 nM QDs. Solutions were incubated at 15°C for at least 30 min with gentle agitation before coupling to BLPs.
BLPs with encapsulated QD 655 were incubated with preformed complexes of EGF-QD 525 in HBS supplemented with 0.5% BSA. The StAv-QD 525 concentration was 20 nM, whereas biotin concentrations of BLPs varied from 0.4-0.8 µM depending on the formulation. This mixture was incubated for at least 2 h at 15°C with continuous shaking and diluted to 1 or 2 nM QD 525 in Tyrode's buffer for live cell experiments by confocal fluorescence microscopy (see Table S1 in Supporting Information). Separation of EGF-QD-BLPs from EGF-QD complexes by size exclusion chromatography or sucrose gradient (data not shown) led to unacceptable sample loss.
Internalization Studies. A431 cells were seeded onto glass coverslips (2 × 10 5 cells/mL). At 40-50% confluence, cells were serum starved for 4 h before adding the BLPs. The QD labeled and targeted BLPs (EGF-QD 525 -BLPs-QD 655 ) were diluted in 200 or 500 µL Tyrode's buffer supplemented with 0.5% BSA and 20 mM glucose and added to cells to obtain final concentrations of 0.5 nM QD525 and 2 nM EGF. Starved cells were precincubated with targeted and nontargeted BLPs at 10°C, a temperature nonpermissive for endocytosis. Then, cells were warmed and incubated 10 and 60 min at 37°C. Finally, unbound BLPs were removed and cells rinsed with Tyrode's buffer. Live cell imaging by confocal microscopy was carried out immediately after removing the complexes, for up to 2 h at RT (∼20°C). In another set of experiments, cells were incubated with the BLPs during a 10 min pulse at 37°C and QDs were chased after 4 and 12 h incubation at 37°C. When incubation at 37°C exceeded 1 h after removing the BLPs, Tyrode's buffer was replaced by complete D-MEM.
Competitive Binding Assay. For competitive binding experiments, free EGF (recombinant human) was added to starved A431 cells at a final concentration of 200 ng/mL (33 nM) and cells were incubated for 5 min at 10°C. EGF-QD 605 -BLPs-QD 655 were added to a final concentration of 0.5 nM QD 605 and 2 nM EGF and incubation resumed for 10 min at 37°C. Cells
Incubation of BLPs with EGFR Negative Cells. EGF-QD 605 -BLPs-QD 655 were added to CHO and WM983A cell lines, both devoid of EGF receptor, at a final EGF concentration of 2 nM and incubation proceeded for 5 min at 10°C, followed by 10 min incubation at 37°C. Cells were then washed with Tyrode's buffer and images were acquired immediately during 60 min at RT by confocal microscopy.
Simultaneous Tracking of Two Different Colors of QDs. Confocal fluorescence microscopy was performed with a Zeiss 510 confocal laser scanning microscope using a water immersion objective C-Apochromat 63 × 1.2 NA. The simultaneous excitation of QD 525 and QD 655 was achieved with the 488 nm laser line, or in some experiments with the 458 nm line to increase the fluorescence intensity. QDs signals were detected simultaneously and collected in separated channels with appropriate filters, in this case, 520/20 BP for QD 525 and 585 LP for QD 655 . When QD 525 was replaced by QD 605 in preformed complexes with biotin-EGF, the QD 605 and QD 655 were detected using 585-615 BP and 650 LP filters, respectively. To eliminate possible crosstalk when using the same excitation wavelength, single color EGF-QD controls were tested for optimization of the gain settings. Confocal planes were acquired with a pinhole set to 1 Airy disk. With the given settings, channel crosstalk was negligible as determined using single-labeled samples.
Z-series were taken at 10.4 µm intervals and deconvoluted using Huygens image processing software (Scientific Volume Imaging, Hilversum, The Netherlands) followed by 3-D reconstruction. For qualitative analysis, images were backgroundcorrected and contrast stretched; fluorescence intensity profile and 3-D reconstruction were performed with the software Image J (NIH).
RESULTS

Encapsulation of QDs in Biotinylated Lipid Particles (BLPs).
The detergent dialysis technique was explored for the encapsulation of ITK-carboxyl QD 655. The PEG-lipid percentages selected for BLP formulation were the lowest that allowed the self-assembly of BLPs without forming aggregates during detergent dialysis. Since we were interested in the cytoplasmic delivery of QD 655 , the PEG shield should be disrupted in the endosomes. To promote PEG-lipid transfer out of the BLP bilayer and membrane fusion required for endosomal escape, the fusogenic PEG-Ceramide-C8 and pH-sensitive lipid PEG-DSGS were included. Three BLPs formulations were prepared with 1.4% and 2.7% PEG 750 -Cer-C8 and 1.4% PEG 2000 -DSGS in combination with 84% DOPE, 6% of the cationic lipid DOTAP, and 0.24% of biotin-DSPE. The QD 655 were added to the hydrated mixture of lipids and OGP detergent in 10 mM HBS pH 7.4, and the solutions were dialyzed against HBS.
After detergent dialysis a lipid recovery of 58 ( 14% was estimated from the amount of incorporated biotin-DSPE measured by a fluorometric assay (see Supporting Information) in three independent BLPs preparations. To separate and recover QDs loaded BLPs from less dense empty BLP and nonencapsulated QDs, the samples obtained after the detergent dialysis were loaded on top of a discontinuous density gradient of 2.5%, 10%, and 20% sucrose and ultracentrifuged. Three well-defined fluorescent bands were observed ( Figure 1A Particle analysis by TEM ( Figure 1B-D) , showed that BLPs formulated with PEG 750 -ceramides exhibited a spherical shape and revealed the presence of 2 to 5 encapsulated QDs per lipid particle ( Figure 1B,C) . The diameter of the BLPs varied from 100 to 130 nm, depending on the number of loaded QDs. Empty BLPs, present as a minor fraction, and those containing only one QD were generally smaller than 100 nm. The observed sizes for individual particles were in agreement with the mean hydrodynamic diameters obtained by DLS. Interestingly, the BLPs formulated with 1.4% PEG 2000 -DSGS appeared amorphous in shape with a more variable number of loaded QDs ( Figure  1D ) and broader size distribution as compared to BLPs formulated with PEG-Cer-C8.
Cellular Uptake of EGFR Targeted and Two-Color QDs Labeled BLPs. Complexes of streptavidin-conjugated quantum dots (QDs) with biotin-EGF are biochemically competent ligands for erbB1, the EGF receptor (19) . The first concern to be addressed was whether the internalization BLPs tagged with preformed EGF-QDs complexes could be impaired, as the large size of the lipid carrier (∼100 nm) may interfere with the dimerization of the EGFR necessary for the subsequent activation and internalization by endocytosis.
BLPs loaded with QD 655 were conjugated to preformed complexes of biotin-EGF and StAv-QD 525 (EGF-QD 525 ). On the basis of previous results in which BLPs were labeled with two colors of streptavidin-QDs on the surface, we assumed that at least two biotins were available per lipid particle (34) . In Figure  2 , the scheme depicts nontargeted BLPs loaded with QD 655 (red) and the targeted and two-color labeled BLPs (red-green). With this approach, colocalized red-green dots were expected to indicate specific uptake, whereas the sole detection of red fluorescence would reveal nonspecific binding of nontargeted BLPs-QD 655 . Additionally, the two-color QD labeling strategy allowed the independent monitoring of the fate of the loaded QD 655 and also circumvented the problem of purification of targeted BLPs from free EGF-QD 525 complexes. Any residual free preformed complexes of EGF-QD 525 competing for the EGFR with the targeted EGF-QD 525 -BLPs-QD 655 upon incubation with cells could be identified easily as isolated green dots.
We employed confocal fluorescence microscopy in live cells to distinguish between specific and nonspecific uptake of BLPs by simultaneous tracking the two colors of QDs using a single excitation wavelength (Figure 3 ). The interaction of targeted and nontargeted BLPs with A431 cells overexpressing the EGFR was evaluated for BLPs formulated with 1.4% and 2.7% PEG 750 -Cer-C8 and with 1.4% PEG 2000 -DSGS upon incubation for 1 h at 37°C. Live cells were monitored for up to 2 h without detectable photobleaching. As shown in Figure 3 , both QDs extensively colocalized (yellow spots in overlay) after 1 h at 37°C and during the 2 h live cell imaging. The BLPs appeared in a characteristic dot-pattern distribution, attributed to the clustering of the lipid particles in endosomal compartments, indicating that the targeted EGF-QD 525 -BLP-QD 655 particles were internalized (Figure 3, panels A Figure 4B ). Close observation of single vesicles ( Figure 4D ) showed a variable QD fluorescence intensity in the colocalized spots evidenced by the heterogeneous yellow-orange pseudocolor. This finding could be explained by the distribution in the number of encapsulated QDs (1) (2) (3) (4) (5) in BLP shown by TEM, and presumably also due to the presence of a variable number of EGF-QD 525 bound to the multivalent BLPs. In addition, and possibly most important, there could have been fusion of vesicles occurring during endosomal sorting.
In Figure 4E , the fluorescence intensity profile along the line traced in panel D shows the relative contributions of green and red QDs to the colocalized loci. The presence of single green dots indicates the binding of free preformed complexes of EGF-QD 525 . These complexes were expected to be present, as they were not eliminated after conjugation with BLPs.
The BLPs formulated with a pH-sensitive PEGylated lipid or with exchangeable PEG 750 -CerC8 lipids were expected to fuse more readily with the endosomal membranes, thereby releasing the QDs into the cytoplasm. Consequently, the initial colocalization observed for the dual-labeled EGF-QD 525 -BLP-QD 655 was expected to decrease in time. However, as shown in Figure 5 , after 4 and 12 h chase of the BLPs at 37°C dissociation of the two QD signals was not apparent. The dot Figure 6C ,D. Taken together, these results indicate that the enhanced uptake of targeted BLP was due to the specific interaction of the lipid-bound QD-EGF with EGFR and not by macropinocytosis induced by non-lipidbound QD-EGF.
DISCUSSION
An emerging tool in targeted delivery is the multimodal carrier, in which a therapeutic molecule, an imaging agent, and a targeting entity are assembled in a single nanoparticle for simultaneous imaging and therapy (25, 27, 30, 35) . In the present work, we developed a QD-labeled and EGFR targeted delivery system mediated by biotinylated lipid particles (BLPs). The originality of our approach lies in the novel encapsulation of QDs in BLPs by a detergent dialysis technique, where the inclusion of as little as 1.4 mol % PEG-lipids allowed the selfassembly of stable BLPs. The sucrose density gradient proved very useful for the separation of QD-loaded BLPs from free QDs ( Figure 1A ). TEM analysis of the purified fractions showed an average of 2-5 encapsulated QDs in ∼100-nm-sized lipid vesicles ( Figure 1B,C,D) . This size was in agreement with the mean diameters obtained by DLS for all lipid formulations.
A dual-color labeling strategy with loaded and surface-bound QDs was introduced in order to follow the intracellular localization of the cargo and carrier by colocalization analysis using confocal microscopy. BLP-QD 655 were surface modified with preformed complexes of EGF-QD 525 and delivered to A431 cells overexpressing the EGFR. Addition of the biotin-EGF ligand as a preformed complex with StAvQDs instead of direct binding to BLPs was adopted to improve ligand-receptor binding, taking advantage of the multiple streptavidins coating the QDs (6-8 streptavidins according to the manufacturer). The application of these preformed complexes extends the use to any biotinylated ligand. The two-color labeled and targeted EGF-QD 525 -BLP-QD 655 were internalized by the A431 cells, whereas nontargeted BLP-QD 655 showed negligible binding, indicating that uptake of the particles was mediated by the EGFR activation and internalization (Figure 3 ). The specificity of targeted BLPs for the EGF receptor was supported by a competitive binding assay performed in the presence of 16-fold molar excess of free ligand EGF ( Figure 6A,B) . Under these conditions, binding to A431 cells was completely abolished. In line with these observations, CHO cells and WM983A melanoma cells that do not express the EGFR showed no binding of the targeted particles ( Figure 6C,D) .
Upon internalization of EGF-QD 525 -BLP-QD 655 , the variations in the relative fluoresecence intensities found for colocalized QDs ( Figure 4) were interpreted as the result of an uneven distribution in the number of encapsulated QD 655 and EGF-QD 525 complexes conjugated to individual BLP. Additionally, QDs fluorescence intensity variation could be due to endosomal fusion bringing several BLPs together.
We were also interested in the cytoplasmic delivery of the encapsulated QD 655 . Therefore, BLPs were formulated with 1.4 and 2.7 mol % PEG conjugated to fusogenic or to pH-sensitive lipids in order to destabilize BLPs bilayers and facilitate fusion with endosomes (8, 10, 11) . On the basis of the dual color labeling strategy, the cytoplasmic release of QD 655 was expected to be evidenced by delocalization of initially colocalized red-green dots However, the dot pattern of colocalized QDs persisted for up to 12 h, regardless of the formulation tested and PEG content. The possible explanations would be that either PEG coating was not completely removed or that QDs aggregated inside the acidic environment of endosomes due to protonation of carboxyl groups and charge neutralization on QD surfaces. Several approaches have been devised for delivering QDs intracellularly. They include conjugation of QDs to cell penetrating peptides (36, 37) and encapsulation in targeted micelles (25) or polymers (38) . However, QDs remain predominantly trapped in endosomal compartments and only direct microinjection (23) into cell cytoplasm and more recently osmotic lysis of pinosomes (21, 22) appear as the methods of choice for QD delivery with homogeneous distribution.
The two-color QDs labeling strategy allowed a clear distinction to be made between the targeted and QD 655 -loaded BLPs (yellow-orange pseudocolors) and the independently internalized green EGF-QD 525 complexes ( Figure 4D,E) , avoiding the tedious purification of targeted BLPs from free EGF-QDs complexes. During the continuous live cell imaging for up to 2 h, photobleaching was undetectable, highlighting the photostability of QDs as probes for long-term imaging of dynamic processes.
In the developed lipid carrier, the multivalency of BLPs and StAvQDs serves to increase the number of EGF ligands on the BLP surface. However, variations in size and, as a consequence, the number of biotins in/on individual BLPs influence the controlled and stoichiometric addition of preformed EGF-QD complexes to BLPs. Thus, further refinements of the system are desirable. Nonethless, it is evident that the addition of quantum dots into liposomal carriers, fulfilling a dual role as cargo and surface tag, provides a flexible platform for cell targeting and monitoring receptor-mediated uptake employing any biotinylated ligand attached to StAv-QDs. The expectation is that such targeted lipid-based delivery systems will constitute a new means for the effective cytoplasmic delivery of therapeutic macromolecules. LITERATURE CITED
